Abstract. Background/Aim: The aim of this study was to assess the incidence of MSI in a large series of human hepatocellular carcinomas (HCC) with various etiologies. Materials and Methods: The MSI status was determined by polymerase chain reaction (PCR) using 5 mononucleotide and 13 CAn dinucleotide repeats. Results: None of the 122 HCC samples displayed an MSI-High phenotype, as defined by the presence of alterations at more than 30% of the microsatellite markers analyzed. Yet, limited microsatellite instability consisting in the insertion or deletion of a few repeat motifs was detected in 32 tumor samples (26.2%), regardless of the etiology of the underlying liver disease. MSI tended to be higher in patients with cirrhosis (p=0.051), possibly reflecting an impact of the inflammatory context in this process. Conclusion: Based on a large series of HCC with various etiologies, our study allowed us to definitely conclude that MSI is not a hallmark of HCC.
Hepatocellular carcinoma (HCC) is the fifth leading cause of cancer worldwide in men and the seventh in women. Major risk factors for HCC include infection with hepatitis B or C viruses (HBV or HCV), alcohol-induced liver disease. The distribution of risk factors for HCC is highly variable around the world. The HCC incidence is rising in Western countries, due to increasing HCV infection and non-alcoholic steatohepatitis (NASH) development (1) . Several molecular classifications of HCC based on the comprehensive analysis of tumor genomes, epigenomes, and transcriptomes, have been established (2) . These approaches led to identification of subgroups of tumors sharing recurrent alterations underlying the deregulation of cell cycle and signaling pathways (3), some of which being preferentially associated with a particular causative etiology (4) . Several studies have investigated whether HCC might be associated with microsatellite instability (MSI), a well-known oncogenic pathway for other cancers such as colon and gastric cancers (Table I) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In these studies, the numbers of patients varied from eight to fifty-six (19, 20) ; the etiology of HCC, as well as the techniques used to screen MSI were highly variable, leading to conflicting results with the frequency of MSI ranging from 0-48% (7, 14, 17) .
MSI tumors accumulate mutations due to a defect in mismatch repair (MMR), a DNA repair system dedicated to correcting the errors made by polymerases during replication. The MSI phenotype was originally described in hereditary nonpolyposis colorectal cancer, known as Lynch syndrome, in which MMR inactivation results from a monoallelic germline mutation of one of the MMR genes, most frequently MSH2 or MLH1, associated with the subsequent loss of the corresponding wild-type allele in the tumor (21, 22) . Rare Lynch cases have recently been shown to result from germline EPCAM/TACSTD1 gene deletions leading to MSH2 promoter hypermethylation and transcription inhibition (23) . Sporadic MSI colon tumors are twice as frequent as familial cases and generally occur as a consequence of abnormal hypermethylation of MLH1 promoter (24) . Interestingly, MSI may be further due
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This article is freely accessible online. (25) . Low levels of MSI may also be favored by chronic inflammation or oxidative stress (26, 27) , as reported in pancreatitis (28) and ulcerative colitis, a chronic disease characterized by free radical stress and colon cancer proneness (29) . Interestingly, microRNAs-155 (30) and -21 (31), two major miRNAs in hepatocellular oncogenesis that are also overexpressed in inflammatory bowel diseases (32) , down-regulate the expression of MMR core proteins, MSH2 and MLH1 (33, 34) . Lastly, MMR protein expression defects and MSI have been reported in the inflammation-associated malignant transformation of endometriosis (35) . Altogether, these observations indicate that some cases of HCC, especially those associated with a high degree of inflammation, might display some degree of MSI.
Microsatellites are simple sequence repeats of one to six nucleotides, which are particularly prone to insertion or deletion (indel) mutations during replication. In absence of a functional MMR system, indel mutations are left unrepaired and appear as novel alleles with altered lengths. (36) . Using this so-called "Bethesda panel", tumors were diagnosed as MSI-High (MSI-H) when displaying instability at two ore more of these markers (36) . Later, a pentaplex PCR system comprising five mononucleotide repeats, and allowing 100% sensitivity and specificity with no need to match corresponding normal DNA, became the gold standard in MSI colorectal cancer screening (37, 38) . Analysis of MMR protein expression by immunohistochemistry (IHC) is also very popular, with MSH2 and MLH1 being performed in routine while MSH6 and PMS2 are analyzed in rare studies. In HCC, MSI has been investigated by IHC (14, 18, 20) , and by PCR using highly variable sets of microsatellite loci (5, 6, 9-11, 13-20, 39) ( Table I ).
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The aim of this study was to assess the MSI prevalence in a large series of HCC including various etiologies, representative of the Western HCC population, using the highly sensitive gold-standard mononucleotide pentaplex PCR method, together with 13 polymorphic dinucleotide markers.
Materials and Methods
Patients and tumor samples. The study population consisted of 122 patients with histologically-proven HCC who underwent surgery at the Saint-Antoine Hospital, Paris. Each patient provided informed consent for research, and the study has been conducted in accordance with the French laws and regulations. Among them, 88 (72.1%) underwent liver tumor resection and 34 (27.9%) received liver transplantation. There was no significant difference in the underlying liver disease spectrum between the two groups of patients, which was related to chronic alcohol abuse only in 12 patients (9.8%), HCV infection in 44 patients (36%), HBV infection in 25 patients (20.5%), and NASH in 23 patients (18.9%). DNA extraction and microsatellite instability analysis. DNA was extracted using the Nucleospin Tissue DNA isolation kit (Macherey Nagel) for the frozen samples (n=88), and the Express extract DNA extraction kit (Kappa Biosystems) for the paraffin-embedded samples (n=34), according to the manufacturers instructions. MSI analysis was carried out using 5 quasi-monomorphic mononucleotide repeats markers (BAT25, BAT26, NR21, NR22, NR24) co-amplified in a single pentaplex PCR reaction (40), and 13 highly polymorphic dinucleotide repeat markers (2p16: D2S123; 5q14: D5S107; 8p22: D8S1731, D8S261; 11q13: D11S937, D11S911; 17p12: D17S1791; 17q11: D17S1824, D17S1873; 18p11: D18S53, D18S1114, D18S1132; 18q21: D18S1127). For dinucleotide repeats, the number of markers that could be coamplified varied from 2 to 5, depending on the amplification efficacy of each primer set and whether DNA was extracted from frozen or paraffin-embedded samples. Primer sequences, chromosome location and amplicon size of the mononucleotide and dinucleotide repeats analyzed are available upon request; forward primers were 5'-end-labeled with a fluorescent dye (FAM, HEX or Dragon Fly Orange, Eurogentec). Amplification of DNA extracted from frozen tumors, was performed using Taq DNA Polymerase (Qiagen), starting with an initial 3 min denaturation step at 95˚C, followed by 35 cycles at 95˚C for 30 sec, 60˚C for 30 sec and 72˚C for 30 sec, with a final extension at 72˚C for 1 min. DNA extracted from paraffin-embedded tumors were amplified using the KAPA2G Robust HotStart ReadyMix because it is efficient on crude DNA preparations possibly containing enzyme inhibitors, such as those obtained from paraffin-embedded samples (KAPA BIOSYSTEMS); the PCR conditions were the same except that the duration of each step was 15 sec. Adequate dilutions of the PCR products were run on an ABI PRISM ® 3100 Genetic Analyzer (Applied Biosystems) using Performance Optimized Polymer-7 (Applied Biosystems) and HD400 ROX Size Standard (Applied Biosystems); allelic sizes were defined using the GeneMapper Software (Applied Biosystems).
CANCER GENOMICS & PROTEOMICS
Statistical analyses. The age and tumor size of patients who underwent tumor resection were compared to those receiving a liver transplant using the unpaired t-test with Welch's correction. The tumor etiologies and differentiation grades were compared using the Chi-square test. All other clinicopathological characteristics were compared using the two-sided Fisher's exact test. The numbers of alleles displaying altered profiles in tumors were compared using the unpaired t-test with Welch's correction. The relationship between the level of MSI and the etiology or the differentiation grade was evaluated using the Kruskal-Wallis test. 
Results
Abnormal profiles consisting in the insertion or deletion of few nucleotides have been observed in 8 tumors (1 at NR21, 1 at BAT26, and 6 at BAT25) (Table III) . Figure 1 shows an example of the profiles of the mononucleotide repeats pentaplex PCR performed on tumors showing either a normal profile at all 5 markers (Figure 1a) or displaying an abnormal BAT25 profile (Figure 1b) . The shifts occurring in BAT25 are less marked than in a typical MSI colorectal cancer that displays extensive instability, used as a positive control (Figure 1c) . The possibility that atypical MS profiles were due to PCR artifacts arising early during the PCR was systematically ruled out by repeating the amplification reactions. The results obtained for tumors retrieved from patients who underwent tumor resection or liver transplantation are shown in The relationship between the level of MSI and the etiology or the diffentiation grade was evaluated using the Kruskal-Wallis test. The impact of cirrhosis was analyzed using a one-sided Mann-Whitney test. A two-sided Mann-Whitney test was used to evaluate the impact of tumor size or number.
retrieved from Table III) . Among the 122 HCC tumors analyzed, none could be considered as displaying a typical MSI-H phenotype as defined by instability in at least 3 of the 5 mononucleotide repeats analyzed. Yet, 8 tumors displayed instability at 1 mononucleotide repeat. We further screened for instability at 13 dinucleotide repeated loci located on 8 different regions of the genome, with the size of the amplicons varying from 78 to 290 bp. The rates of abnormal profiles in dinucleotide repeats did not differ significantly when comparing frozen and paraffinembedded tumors (p=0.19, data not shown). The majority of samples (90/122) displayed no detectable instability at any of the 13 dinucleotide repeat loci analyzed. At maximum, 3 abnormal profiles could be detected in 3 tumors (Table III) , which is not enough to classify these tumors as MSI-H. According to the recommendations established for colorectal cancers, a tumor should display instability at ≥30-40% of dinucleotide repeats to be considered as MSI-H, meaning 4 out of the 13 markers analyzed in our conditions. Interestingly, low levels of MSI were observed in one-fourth of the tumors (38/122). Moreover, the level of MSI was not related to the etiology of the underlying liver disease, the differentiation grade, the size or number of liver tumors, but tended to be higher in patients with cirrhosis (p=0.051) (Table IV) .
Discussion
The aim of our study was to appraise whether MSI could contribute to HCC oncogenesis, and if instability might be preferentially associated with a specific etiology and/or treatment. Previously published studies that addressed this question varied tremendously in terms of HCC etiology, a characteristic that depends largely on the geographical origin of the patients, and in the number of tumors analyzed that was between 8 and 56 (5, 6, (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) 39) . Furthermore, the type and number of markers also varied considerably from a single mononucleotide repeat marker (14) to 55 microsatellite markers, mostly dinucleotide repeated sequences (19) ; few studies also included trinucleotide, tetranucleotide and hexanucleotide repeats whose genetic stability may involve DNA repair pathways other than MMR (6, 9, 16) . Most studies screened MSI using PCR technique, but the definition of MSI was not always clearly specified, which makes the comparisons between the published data even more hazardous. Reported MSI frequency in HCC varied between 0-48%, with a frequency of MSI-H tumors varying from 0-18% when taking into account the consensus definition for MSI-H tumors. Several reasons may contribute to the variability observed in the data published: (i) analyses of MSI profiles using highly polymorphic markers other than mononucleotide repeats are somehow tricky to interpret outside of well-trained laboratories and may lead to misinterpretation, (ii) the number of samples analyzed was often too limited to definitely establish the percentage of MSI, (iii) underlying etiology differed widely among studies. Lastly, the only study performed using the recently developed highly efficient mononucleotide pentaplex PCR system investigated no more than eight cases of HCC; besides these tumors all occurred in elderly patients with no chronic liver disease (20) . Based on our expertise in analyzing microsatellite profiles (41-47), we investigated MSI in a large collection of HCC of various etiologies using robust and accurate PCR-based MSI testing techniques, both at mononucleotide repeats, using the goldstandard pentaplex PCR based on five nearly monomorphic mononucleotide markers, and at 13 dinucleotide repeats located on 8 different chromosomes.
MSH2/MSH6 complexes, known as MutSα, are able to efficiently bind to most base-base mismatches (with the exception of CC mismatches), and to loops of one or two nucleotides, whereas MutSβ, consisting of MSH2 and MSH3, preferentially repairs larger heteroduplexes loops, such as those resulting from indel of dinucleotide repeats. Excision of the newly replicated DNA fragment containing a mismatch involves MLH1/PMS2 complex, referred as MutLα, that acts upon binding of either MutSα or MutSβ. Thus, analyzing instability at both mononucleotide and dinucleotide repeated sequences is needed to investigate these partially redundant DNA repair systems. The goldstandard screening method for MSI in colorectal cancers is now based solely on the analysis of mononucleotide repeats, which are particularly prone to slippage during replication as they harbour high number of repeated motifs. Yet, this method is adequate in the case of colorectal cancers, as we know that MSI results from a defect in one of the component of MutSα or MutLα (MSH2, MSH6, MLH1, PMS2). However, in the case of HCC, we considered the possibility that MSI might arise through other mechanisms. Consequently, we included dinucleotide repeats in our panel to investigate the possibility of a defect in MutSβ.
Though none of the HCC analyzed could be classified as MSI-H, microsatellite instability arose at one locus or more in one-fourth of the HCC analyzed, without being associated with a particular underlying liver disease etiology. Mononucleotide and dinucleotide repeats were equally frequently altered when taking into consideration the number of markers of each type analyzed. Interestingly, the level of MSI tended to be higher in patients with cirrhosis, a difference that failed to reach statistical significance (p=0.051), but corroborates the existence of a link between inflammation and genetic instability (48) .
Interestingly, a recent study showed that cells lacking the H3K36 trimethyltransferase SETD2 display MSI and an elevated spontaneous mutation frequency, characteristic of MMR deficient cells (49) . Thus, it is tempting to propose that deleterious mutations of SETD2 such as those recently reported in a subset of HCC (2) may be responsible, at least in part, in microsatellite alterations arising in these tumors. Whether other mechanisms known to disturb the histone H3 methylation status, such as the HCV nonstructural protein 5A that has been shown to interact with the lysine methyltransferase SET and MYND domain-containing 3 (SMYD3) (50) , may also induce MSI remains to be investigated on large series of HCV-related HCC.
In conclusion, our observations made with highly sensitive and specific panel markers on a large series of HCC indicate that low levels of genetic instability in both mononucleotide and dinucleotide repeated sequences occur quite commonly in HCC, independently of the etiology of the underlying liver disease. The molecular mechanisms inducing low MSI in HCC remain to be identified. They may differ among tumours, possibly involving chronic oxidative stress and inflammation that are hallmarks of liver cancers, or deleterious mutations in SETD2, as recently described in a minority of cases of HCC (2) . Whether low MSI levels have an impact on the prognosis of HCC, as in the case of colorectal cancer, remains to be investigated.
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